A ubiquitous component of cellular signaling machinery, Gab1 docker plays a pivotal role in routing extracellular information in the form of growth factors and cytokines to downstream targets such as transcription factors within the nucleus. Here, using isothermal titration calorimetry (ITC) in combination with macromolecular modeling (MM), we show that although Gab1 contains four distinct RXXK motifs, designated G1, G2, G3, and G4, only G1 and G2 motifs bind to the cSH3 domain of Grb2 adaptor and do so with distinct mechanisms. Thus, while the G1 motif strictly requires the PPRPPKP consensus sequence for high-affinity binding to the cSH3 domain, the G2 motif displays preference for the PXVXRXLKPXR consensus. Such sequential differences in the binding of G1 and G2 motifs arise from their ability to adopt distinct polyproline type II (PPII)-and 3 10 -helical conformations upon binding to the cSH3 domain, respectively. Collectively, our study provides detailed biophysical insights into a key protein-protein interaction involved in a diverse array of signaling cascades central to health and disease.
INTRODUCTION
Gab1 is a cellular protein that mediates signaling between cell surface receptor tyrosine kinases (RTKs) and downstream molecules such as Ras and Akt by virtue of its ability to act as a docking platform for a multitude of adaptors and enzymes (Liu and Rohrschneider, 2002; Gu and Neel, 2003; Nishida and Hirano, 2003) . The modular design of Gab1, comprised an N-terminal pleckstrin homology (PH) domain and a C-terminal proline-rich (PR) domain, underscores its central role in a diverse array of signaling cascades central to health and disease. The disruption of gab1 gene results in numerous developmental defects in mice and its over-expression is implicated in the genesis of human breast cancer (Itoh et al., 2000; Sachs et al., 2000; Daly et al., 2002; Brummer et al., 2006; Ke et al., 2007; Bennett et al., 2008) . The ability of Gab1 to orchestrate such key cellular functions is heavily dependent upon its recruitment to the inner membrane surface by its upstream partner Grb2.
Comprised of a central SH2 domain flanked between N-terminal SH3 (nSH3) and C-terminal SH3 (cSH3) domains (Figure 1a ), Grb2 recognizes activated cell surface RTKs such as HGFR, EGFR, FGFR, and PDGFR by virtue of its SH2 domain's ability to bind to tyrosine-phosphorylated (pY) sequences in the context of pYXN motifs located within the receptor tails on the cytoplasmic face of the membrane (Lowenstein et al., 1992; Rozakis-Adcock et al., 1992) . Upon binding to RTKs, the SH3 domains of Grb2 recruit a wide variety of proteins containing proline-rich sequences to the inner membrane surface -the site of initiation of a multitude of signaling cascades Li et al., 1993; Seedorf et al., 1994; Odai et al., 1995; Park et al., 1998; Vidal et al., 1998; Schaeper et al., 2000; Lewitzky et al., 2001 ; Moeller et al., 2003) . Among them, the Sos1 guanine nucleotide exchange factor and the Gab1 docker are by far the best characterized downstream partners of Grb2 Li et al., 1993; Schaeper et al., 2000; Lewitzky et al., 2001) . Upon recruitment to the inner membrane surface, Sos1 facilitates the GDP-GTP exchange within the membrane-bound Ras GTPase and thereby switches on a key signaling circuit that involves the activation of MAPK cascade central to cellular growth and proliferation (Robinson and Cobb, 1997) . In contrast, the recruitment of Gab1 to the inner membrane surface provides docking platforms for the Shp2 tyrosine phosphatase and the PI3K lipid kinase, which, respectively, account for further amplification of Ras activity, as sustained activation of Ras requires both the Sos1-dependent and Gab1-dependent pathways (Cunnick et al., 2002; Araki et al., 2003; Gu and Neel, 2003) , and the activation of Akt serine-threonine kinase, which plays an important role in cell growth and survival (Kim and Chung, 2002) .
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The Grb2-Gab1 interaction is believed to occur through the binding of cSH3 domain of Grb2 to an atypical RXXK motif within the PR domain of Gab1 (Lock et al., 2000; Lewitzky et al., 2001) . However, the PR domain of Gab1 contains four such motifs, herein designated G1, G2, G3, and G4 (Figure 1b) , raising the possibility that there may be multiple docking sites within Gab1 for accommodating Grb2. Such a scenario could translate into the assembly of higher order Grb2-Gab1 multimers rather than a simple binary complex. In an attempt to further our understanding of the assembly of Grb2-Gab1 signaling complex, the present study was undertaken. Using isothermal titration calorimetry (ITC) in combination with macromolecular modeling (MM), we show that only G1 and G2 motifs within Gab1 bind to the cSH3 domain of Grb2 adaptor and do so with distinct mechanisms. Thus, while the G1 motif strictly requires the PPRPPKP consensus sequence for high-affinity binding to the cSH3 domain, the G2 motif displays preference for the PXVXRXLKPXR consensus. Such sequential differences in the binding of G1 and G2 motifs arise from their ability to adopt distinct polyproline type II (PPII)-and 3 10 -helical conformations upon binding to the cSH3 domain, respectively. Collectively, our study provides detailed biophysical insights into a key protein-protein interaction involved in a diverse array of signaling cascades central to health and disease.
MATERIALS AND METHODS
Sample preparation pET102 bacterial expression plasmids for wild-type and mutant cSH3 domains of human Grb2 were cloned and expressed in Escherichia coli Rosetta2(DE3) strain as described earlier (McDo- N-terminal SH3 (nSH3) domain and a C-terminal SH3 (cSH3) domain. The amino acid sequence of the cSH3 domain is indicated with the residues constituting the b1-b6 strands clearly demarcated. Key amino acid residues within the cSH3 domain involved in recognition of cognate ligands are colored red and labeled for clarity. (b) Gab1 is constructed on an N-terminal PH (Pleckstrin homology) domain and a C-terminal proline-rich (PR) domain separated by a long stretch of uncharacterized region. The PR domain contains four distinct RXXK motifs, here designated as G1, G2, G3, and G4. The amino acid sequence of these motifs and flanking residues within Gab1 is provided. The numbering of various residues within and flanking the RXXK motifs is based on the nomenclature suggested by Feller and co-workers (Harkiolaki et al., 2009) . nald et al., 2008a, 2009) . Recombinant proteins were purified to apparent homogeneity using a combination of Ni-NTA and size-exclusion chromatographic procedures and further characterized as reported previously (McDonald et al., 2008a (McDonald et al., , 2009 . 12-mer wild-type and mutant peptides spanning G1, G2, G3, and G4 sites within human Gab1 were commercially obtained from GenScript Corporation. The sequences of these peptides are shown in Figure 1b . The peptide concentrations were measured gravimetrically. Circular dichroism (CD) analysis of cSH3 domains and Gab1 peptides revealed that the introduction of various alanine substitutions at specific positions had no major effect on their secondary structural conformations.
ITC measurements
ITC experiments were performed on a Microcal VP-ITC instrument and data were acquired and processed using fully automized features in Microcal ORIGIN software. All measurements were repeated 3-4 times. Briefly, SH3 domain samples were prepared in 50 mM Tris, 1 mM EDTA, and 5 mM b-mercaptoethanol at pH 8.0 containing 0-500 mM NaCl. The experiments were initiated by injecting 25Â 10 ml aliquots of 2-8 mM of each peptide from the syringe into the calorimetric cell containing 1.8 ml of 50-200 mM of an cSH3 domain solution at 258C. All other control experiments were performed as described earlier (McDonald et al., 2008a (McDonald et al., , 2009 . To extract binding affinity (K d ) and binding enthalpy (DH), the ITC isotherms were iteratively fit to the following built-in function by nonlinear least-squares regression analysis using the integrated ORIGIN software:
(1) where q(i) is the heat release (kcal/mol) for the ith injection, n is the binding stoichiometry, V is the effective volume of protein solution in the calorimetric cell (1.46 ml), P is the total protein concentration in the calorimetric cell, and L is the total concentration of peptide ligand added for the ith injection. The above equation is derived from the binding of a ligand to a macromolecule using the law of mass action assuming a one-site model (Wiseman et al., 1989) . The free energy change (DG) upon ligand binding was calculated from the relationship:
where R is the universal molar gas constant (1.99 cal/K/mol) and T is the absolute temperature. The entropic contribution (TDS) to the free energy of binding was calculated from the relationship:
where DH and DG are as defined above. The free energy change (DG) upon ligand binding can be dissected into two major constituent components by the following relationship:
where DG lig is the contribution due to direct ligand binding and DG ion is the contribution due to the indirect displacement of counterions upon ligand binding. DG ion at a given NaCl concentration was calculated from the following relationship based on the polyelectrolyte theory (Wyman, 1964; Record et al., 1976; Lohman and Mascotti, 1992; Chaires, 1996) :
where c is the fractional degree of net counterions displaced upon ligand binding. c was calculated from the slope of a plot of ln K d versus ln [NaCl] assuming the following linear relationship based on thermodynamic linkage (Wyman, 1964; Record et al., 1976; Lohman and Mascotti, 1992; Chaires, 1996) :
where c and ln K 0 are the slope and the y-intercept of ln K d À ln[NaCl] plot, respectively. With the knowledge of DG and DG ion , Equation (4) was re-arranged to obtain DG lig . It is noteworthy that in order to ascertain greater confidence in the accuracy of thermodynamic parameters determined using ITC, it is desirable for measurements to be conducted under conditions where the experimental window of 5 < c < 500 is met. The c-value is a dimensionless parameter defined as the ratio of protein concentration (mM) in the calorimetric cell to the equilibrium dissociation constant (mM) for the binding of an appropriate ligand or peptide. Simply put, the c-value constraint simply arises from the basic fact that the protein concentration in the calorimetric cell should be ideally between 5-fold to 500-fold higher than the equilibrium dissociation constant. However, for low-affinity systems, as the one under study here, it is not always possible to work in the experimental window of 5 < c < 500 due to the requirement of rather large concentrations of both the protein and the ligand. Indeed, concentrations of various constructs of the cSH3 domain and peptides employed in this study were just below the levels at which they were either prone to aggregation or subject to insolubility. In light of such experimental limitations, the experimental window of 5 < c < 500 was not met in this study. Nonetheless, a rather high accuracy of thermodynamic parameters reported here can be expected due to the fulfillment of following conditions: (1) the ITC isotherms were obtained over a large titration window and allowed to reach near-saturation; (2) the concentrations of both the protein and the peptides were determined with high accuracy; (3) the signal-to-noise ratio was excellent and typically close to 100; and (4) the stoichiometry of binding was known to be 1:1 for all experiments. Provided that the above conditions are met, a recent study indeed indicates that accurate thermodynamic parameters can be obtained for low-affinity systems even when working outside the experimental window of 5 < c < 500 (Turnbull and Daranas, 2003) .
Macromolecular modeling
MM was employed to obtain 3D structures of the cSH3 domain of Grb2 in complex with peptides containing the G1 and G2 motifs located within the PR domain of Gab1 using the MODELLER software based on homology modeling (Marti-Renom et al., 2000) . For the structure of cSH3 domain in complex with G1 peptide, the crystal structure of cSH3 domain of Grb2 bound to a peptide derived from a homologous site in Gab2 containing the PPRPPKP motif was used as a template (PDB# 2W0Z). For the structure of cSH3 domain in complex with G2 peptide, the crystal structure of cSH3 domain of Grb2 bound to a peptide derived from a homologous site in Gab2 containing the PXVXRXLKPXR motif was used as a template (PDB# 2VWF). Briefly, MODELLER employs molecular dynamics and simulated annealing protocols to optimize the modeled structure through satisfaction of spatial restraints derived from amino acid sequence alignment with a corresponding template in Cartesian space. For amino acid sequence identity between 25% and 50% between the template and target, MODELLER can generate 3D structures with accuracy comparable to NMR and X-ray structures for small proteins such as SH3 domains of around 50 amino acid (John and Sali, 2003) . Importantly, the PPRPPKP and PXVXRXLKPXR motifs in Gab1 share over 90% sequence identity with the corresponding motifs in Gab2, while the cSH3 domain is identical between the template and target structures. Thus, the modeled structures of cSH3 domain of Grb2 in complex with G1 and G2 peptides derived from Gab1 would be expected to adopt 3D folds fairly similar to the template structures except for the side chain conformations of specific amino acids. This is due to the introduction of specific hydrogen bonding restraints between specific pairs of basic residues in the G1 peptide or the G2 peptide and acidic residues in the cSH3 domain. Introduction of such hydrogen bonding restraints was necessary to bring the side chain atoms of respective residues within optimal hydrogen bonding distance in agreement with our thermodynamic data reported here. The atomic distances set for hydrogen bonding restraints between a specific pair of oxygen and nitrogen atoms were 2.8 AE 0.5 Å . Thus, MODELLER will force the side chain oxygen and nitrogen atoms of specific hydrogen bonding partners to lie within approximately 2.8 Å of each other through the rotation of backbone N-Ca and Ca-C 0 bonds with little effect on the overall 3D fold of cSH3 domain in complex with G1 peptide or G2 peptide. To generate the 3D structural models of cSH3 domain in complex with the G1 and G2 peptides, hydrogen bonding restraints were, respectively, added between OE1 and OE2 atoms of E171 and NH1/NH2 atoms of R0, between OE1 and OE2 atoms of E171 and NH1/NH2 atoms of K þ 3, between OE1 and OE2 atoms of E174 and NH1/NH2 atoms of R0, and between OE1 and OE2 atoms of E174 and NH1 and NH2 atoms of K þ 3. Additionally, hydrogen bonding restraints were also added between OD1/OD2 atoms of D187 and NH1/NH2 atoms of R þ 6, and between OD1/OD2 atoms of D190 and NH1/NH2 atoms of R þ 6 for the 3D structural model of cSH3 domain in complex with G2 peptide. In each case, a total of 100 structural models were calculated and the structure with the lowest energy, as judged by the MODELLER Objective Function, was selected for further analysis. The modeled structures were rendered using RIBBONS (Carson, 1991) .
RESULTS AND DISCUSSION cSH3 domain binds exclusively to G1 and G2 motifs within Gab1
In an attempt to elucidate how Grb2 and Gab1 interact, we tested the binding of cSH3 domain of Grb2 to four putative sites G1-G4, containing RXXK motifs, within the PR domain of Gab1 using ITC. Figure 2 shows representative data obtained from such measurements. The complete thermodynamic profiles are provided in Table 1 . It is immediately apparent that while the cSH3 domain binds to G1 and G2 sites with affinities in the physiologically relevant tens to hundreds of micromolar range, no binding is observed to G3 and G4 sites under identical conditions. Varying the conditions of ITC experiments such as temperature, pH, or ionic strength had no effect on these observations, implying that the G3 and G4 motifs indeed lack intrinsic affinity for the cSH3 domain in lieu of lack of any observable change in the heat of binding. We note that the rather weak affinities observed here are ideally suited for players involved in orchestrating the highly transient and reversible nature of signaling cascades and are in line with the weak binding nature of other SH3-ligand interactions Lim et al., 1994; Yu et al., 1994; Sparks et al., 1996; Brannetti et al., 2000; Ghose et al., 2001; Mayer, 2001; Cesareni et al., 2002; Panni et al., 2002; Tong et al., 2002; Zarrinpar et al., 2003) . Interestingly, the G2 motif binds to the cSH3 domain with an affinity that is over threefold stronger than that observed for the G1 motif, suggesting that Gab1 contains a high-affinity and a low-affinity site for Grb2. It is also noteworthy that the binding of G1 and G2 motifs to the cSH3 domain employs distinct thermodynamic mechanisms (Table 1) . Thus, while the binding of G1 motif is driven by both favorable enthalpic and entropic contributions to the overall free energy, the binding of G2 motif is exclusively driven by favorable enthalpic forces accompanied by an entropic penalty. Importantly, the fact that the cSH3 domain does not bind to G3 and G4 sites suggests that residues within or flanking the RXXK motifs are likely to add an additional element of specificity between Grb2 and Gab1. In light of the observation that alanine substitution of P À 4 residue within the G2 site of Gab1 abrogates its binding to the cSH3 domain of Grb2 (Lock et al., 2000; Lewitzky et al., 2001) , we reasoned that the lack of a proline at the À4 position could account for the lack of binding of the cSH3 domain to G3 and G4 sites. However, an isoleucine at the À4 position within the G1 site could partially substitute for the role of a proline at this position within the G2 site due to the hydrophobicity and non-bulky character of its side chain moiety, while phenyl alanine and serine at the À4 position within the G3 and G4 sites may not be able to do so. To test our hypothesis, we introduced isoleucine (G2_P À 4I), phenyl alanine (G2_P À 4F), and serine (G2_P À 4S) at the À4 position within the G2 peptide and measured the binding of resulting mutant peptides to the cSH3 domain (Table 1) . Interestingly, while the G2_P À 4F and G2_P À 4S peptides showed no binding to the cSH3 domain, the G2_P À 4I peptide bound with an affinity over an order of magnitude lower than that observed for the binding of G2 peptide. Collectively, these observations imply that the presence of an isoleucine at the À4 position cannot account for the binding of cSH3 domain to G1 site relative to G3 and G4 sites and that the binding of cSH3 domain to G1 and G2 sites may be governed by distinct molecular determinants.
G1 and G2 motifs employ distinct consensus sequences to recognize the cSH3 domain
The data presented above suggest that specific residues within and flanking the RXXK motifs must also dictate the binding of G1 and G2 sites to the cSH3 domain. In an effort to understand the molecular determinants of the binding of cSH3 domain to G1 and G2 sites but not to G3 and G4, we conducted full-scale alanine scan of both the G1 and G2 peptides (Tables 2 and 3 ). Our data reveal that alanine substitution of residues at positions À2, 0, þ1, and þ3 within the G1 peptide either completely abolishes binding or results in the reduction of binding affinity that cannot be accurately quantified, implying that these residues are critical. Additionally, alanine substitution of residues at positions À1, þ2, and þ4 within the G1 peptide compromises binding affinity by over threefold, implying that these residues are also obligatory for high-affinity binding of G1 peptide to the cSH3 domain. In striking contrast, the critical residues within G2 peptide reside at positions À4, À2, 0, þ3, and þ4 as their alanine substitutions reduce the binding affinity by either over an order of magnitude or completely abolish binding, while residues at positions þ2 and þ6 also appear to be important as their substitutions to alanine lead to at least threefold drop in binding affinity. On the basis of these observations, we conclude that the cSH3 domain, respectively, requires PPRPPKP and PXVXRXLKPXR motifs within the G1 and G2 sites in Gab1 for optimal binding. It is thus evident that the binding of cSH3 domain to G1 and G2 sites employs distinct mechanisms. Notably, while residues at positions À2 consecutively through to þ4 are required for optimal binding at G1 site, residues at positions À1 and þ1 are not required for binding at G2 site but rather residues at positions À4 and þ6 fulfill such role.
Acidic residues within the cSH3 domain contribute differentially to the binding of G1 and G2 peptides Our previous work on the analysis of the binding of cSH3 domain of Grb2 to its putative site within Sos1 has shown that the three acidic residues -E171, D187, and D190 -lining the binding groove within the cSH3 domain engage in the formation of intermolecular salt bridges and are critically required for the recognition of Sos1 (McDonald et al., 2008a (McDonald et al., , 2009 . Additionally, structural studies on cSH3 domain of Grb2 and peptides The conserved residues within the RXXK motif in each peptide are bold-faced. All parameters were obtained from ITC measurements in a buffer of 50 mM Tris, 200 mM NaCl, 1 mM EDTA, and 5 mM b-mercaptoethanol at pH 8.0 and 258C. The mutated residues within the G2 peptide are underlined for clarity. NBD indicates no binding determined for the particular peptides either due to lack of any observable heat change or due to poor accuracy of ITC analysis involving such weak interactions (K d > 1 mM). Errors were calculated from 3-4 independent measurements conducted at varying concentrations of cSH3 domain (50-200 mM) and peptides (2-8 mM) in order to further improve the accuracy of thermodynamic parameters. All errors are given to 1 standard deviation.
corresponding to homologous sites in Gab2 also implicate the role of E174 in the stability of these complexes (Harkiolaki et al., 2009) . In an attempt to explore the role of these acidic residues in the assembly of Grb2-Gab1 signaling complex, we measured and compared the binding of wild-type and various mutant cSH3 domains to peptides flanking G1 and G2 sites within Gab1 (Table 4 ). Our data reveal that alanine substitution of E171 within the cSH3 domain (cSH3_E171A) results in three-to fourfold reduction in affinity upon binding to both G1 and G2 sites, implying that E171 plays an important role in Grb2-Gab1 interaction at both G1 and G2 sites. In contrast, alanine substitution of E174 within the cSH3 domain (cSH3_E174A) completely abolishes binding, suggesting that E174 plays a critical role in Grb2-Gab1 interaction at both G1 and G2 sites. Furthermore, while alanine substitutions of D187 (cSH3_D187A) and D190 (cSH3_D190A) within the cSH3 domain have negligible effect on binding to G1 peptide, their binding to G2 peptide is concomitant with two-to fourfold reduction in affinity, indicating that both D187 and D190 are required for optimal Grb2-Gab1 interaction at G2 site but not at G1 site. Taken together, these data The conserved residues within the PXRXXK motif in each peptide are bold-faced. All parameters were obtained from ITC measurements in a buffer of 50 mM Tris, 200 mM NaCl, 1 mM EDTA, and 5 mM b-mercaptoethanol at pH 8.0 and 258C. The alanine substitutions within the G1 peptide are underlined for clarity. NBD indicates no binding determined for the particular peptides either due to lack of any observable heat change or due to poor accuracy of ITC analysis involving such weak interactions (K d > 1 mM). Errors were calculated from 3-4 independent measurements conducted at varying concentrations of cSH3 domain (50-200 mM) and peptides (2-8 mM) in order to further improve the accuracy of thermodynamic parameters. All errors are given to 1 standard deviation. The conserved residues within the PXXXRXXK motif in each peptide are bold-faced. All parameters were obtained from ITC measurements in a buffer of 50 mM Tris, 200 mM NaCl, 1 mM EDTA, and 5 mM b-mercaptoethanol at pH 8.0 and 258C. The alanine substitutions within the G2 peptide are underlined for clarity. NBD indicates no binding determined for the particular peptides either due to lack of any observable heat change or due to poor accuracy of ITC analysis involving such weak interactions (K d > 1 mM). Errors were calculated from 3-4 independent measurements conducted at varying concentrations of cSH3 domain (50-200 mM) and peptides (2-8 mM) in order to further improve the accuracy of thermodynamic parameters. All errors are given to 1 standard deviation.
suggest that E171 and E174 are likely involved in hydrogen bonding and/or salt bridging with arginine and/or lysine residues within the RXXK motifs at both G1 and G2 sites. Additionally, the binding of cSH3 domain at G2 site also requires D187 and D190 for optimal hydrogen bonding and/or salt bridging interactions, most likely with the C-terminal arginine residue within the PXVXRXLKPXR motif at G2 site.
Intermolecular ion pairing and counterion release drives the binding of cSH3 domain to G1 peptide but not to G2 peptide Our data presented above strongly support a role of acidic and basic residues in driving Grb2-Gab1 interaction at both the G1 and G2 sites. In an attempt to decipher whether such charged residues are merely involved in intermolecular hydrogen bonding or exert their effect through the formation of intermolecular ion pairs or salt bridges, we analyzed the effect of salt on the binding energetics of cSH3 domain to G1 and G2 peptides (Figure 3 ). It is clearly evident from our data that the binding of cSH3 domain to G2 site displays no dependence on ionic strength with binding affinity of around 42 mM unaffected by changes in NaCl concentration in the 0-500 mM range (Figure 3a) . In striking contrast, the binding of cSH3 domain to G1 site is dependent on ionic strength with binding affinity decreasing by about fourfold from a value of around 50 mM in the absence of NaCl to around 200 mM in the presence of 500 mM NaCl (Figure 3a ). These observations suggest strongly that while the charged residues appear to be exclusively involved in the formation of intermolecular hydrogen bonding between the cSH3 domain and G2 peptide, they are also likely to be involved in the formation of intermolecular salt bridges between the cSH3 domain and G1 peptide. It should also be noted that the formation of salt bridges is coupled with the release of counterions and that such linked equilibrium is likely to play an important role in the binding of cSH3 domain at G1 site. To quantitatively measure the extent to which counterion release governs the binding of cSH3 domain at G1 site, we generated the salt linkage plot of ln K d versus ln [NaCl] and calculated the fractional degree of net counterion release (c) from the corresponding slope of 0.34 AE 0.01 for G1 site (Figure 3a) . It is believed that the release of counterions upon protein-ligand interactions can contribute to the overall free energy of binding in an entropically favorable or unfavorable manner. Indeed, such contribution to the overall free energy upon the release of counterions (DG ion ) decreases with increasing NaCl concentration in the 0-500 mM range and there is a penalty in counterion release of about þ1 kcal/mol to the overall free energy for the binding of cSH3 domain to G1 peptide at high NaCl concentrations (Figure 3a) . Consistent with these observations, while the underlying enthalpic (DH) and entropic (TDS) contributions to the overall free energy (DG) for the binding of cSH3 domain to G1 peptide appear to be sensitive to changes in ambient salt concentration, the corresponding thermodynamic parameters display no such dependence for the binding of cSH3 domain to G2 peptide (Figure 3b ). It is also noteworthy that classical SH3-ligand interactions are heavily dependent upon the formation of intermolecular salt bridges between oppositely charged residues flanking the PXXP motif and capping the binding groove within the b-barrel SH3 architecture (Lim et al., 1994; Yu et al., 1994; Sparks et al., 1996; Cesareni et al., 2002; McDonald et al., 2008a McDonald et al., , 2009 ). Our findings above suggest that such electrostatic interactions may also play an important role in driving SH3-ligand interactions involving non-classical motifs such as RXXK (Mongiovi et al., 1999; Barnett et al., 2000; Kang et al., 2000; Kato et al., 2000; Lock et al., 2000; Urquhart et al., 2000; Lewitzky et al., 2001; Kami et al., 2002) .
3D structural models provide contrasting insights into the distinct mechanisms employed by G1 and G2 motifs to recognize the cSH3 domain
To provide the physical basis of our findings reported here, we modeled the atomic structures of the cSH3 domain of Grb2 in complex with peptides containing the G1 and G2 motifs (Figure 4 ). Given the rather high sequence identity between the templates and targets, the modeled structures presented here can be relied upon with a very high degree of confidence. Nonetheless, caution must be exercised in that the conclusions drawn below are largely based on atomic models rather than atomic structures derived from direct experimental data. Table 4 . Thermodynamic parameters for the binding of Gab1-derived peptides G1 and G2 to wild-type (WT) and various mutant cSH3 domains of Grb2 G1 peptide G2 peptide All parameters were obtained from ITC measurements in a buffer of 50 mM Tris, 200 mM NaCl, 1 mM EDTA, and 5 mM b-mercaptoethanol at pH 8.0 and 258C. The various mutant constructs are E171A mutant of cSH3 domain (cSH3_E171A), E174A mutant of cSH3 domain (cSH3_E174A), D187A mutant of cSH3 domain (cSH3_D187A), and D190A mutant of cSH3 domain (cSH3_D190A). NBD indicates no binding determined for the particular SH3 domains either due to lack of any observable heat change or due to poor accuracy of ITC analysis involving such weak interactions (K d > 1 mM). Errors were calculated from 3-4 independent measurements conducted at varying concentrations of cSH3 domain (50-200 mM) and peptides (2-8 mM) in order to further improve the accuracy of thermodynamic parameters. All errors are given to 1 standard deviation. Due to column constraints, the binding stoichiometries are not stated but they generally agreed to within AE10%.
Notwithstanding these limitations, the modeled structures display the canonical b-barrel SH3 fold and accommodate the G1 and G2 peptides within the binding groove capped by RT loop on one side and n-Src loop on the other side. Although both G1 and G2 peptides share the same binding groove, the precise mechanisms by which they recognize it are distinct. Thus, while the G1 peptide adopts the relatively open PPII-helical conformation upon binding to the cSH3 domain (Figure 4a ), the G2 peptide assumes a much tighter 3 10 -helical conformation (Figure 4b ). Remarkably, despite such distinguishing conformations, the nature of residues within the cSH3 domain involved in interacting with G1 and G2 peptides bear substantial similarities. Thus, the side chains of P À 2 in G1 peptide and P À 4 in G2 peptide occupy structurally equivalent positions and are stacked between benzyl side chain of F165 and phenyl side chain of Y209. Furthermore, the side chain guanidino and amino moieties of R0 and K þ 3 residues constituting the RXXK motif within both G1 and G2 peptides hydrogen bond to side chain carboxylic oxygen atoms of E171 and E174 located within the RT loop in a tetrapartite manner. However, as noted above, R0 and K þ 3 may also be involved in ion pairing with E171 and E174 in the case of binding of G1 peptide to the cSH3 domain due to the dependence of this SH3-peptide interaction on ionic strength (Figure 3) . Importantly, aliphatic portions of R0 and K þ 3 within both G1 and G2 peptides also, respectively, associate with benzyl side chain of F167 and side chain of W193 and thereby further stabilize the SH3-peptide interactions. Additional interactions are afforded by the side chains of P þ 1 in G1 peptide and L þ 2 in G2 peptide that stack between side chain amide moities of N192 and N208. Finally, the side chain of P þ 4 in both the G1 and G2 peptides comes in close proximity to the side chain of M204 and likely adds to the overall stability of the complex. It should be noted that the binding of G2 peptide to the cSH3 domain is also characterized by a number of additional amino acid interactions that are absent in the binding of G1 peptide. Firstly, the side chain of V þ 2 in G2 peptide associates with the side chains of F167, W193, and Y209. Secondly, the side chain guanidino moiety of R þ 6 in G2 peptide likely hydrogen bonds with side chain carboxylic oxygen atoms of D187 and D190 in agreement with our data that alanine substitution of R þ 6 reduces the binding affinity of G2 peptide by over threefold (Table 3) . It is also noteworthy that although P À 1 and P þ 2 residues are required for optimal binding of G1 peptide to cSH3 domain (Table 2) , they point away from the binding groove within the cSH3 domain and are thus fully exposed to solvent. This likely implies that these residues are not directly involved in stabilizing the SH3-peptide complex through amino acid interactions but rather through their key role in imparting PPII-helical conformation on G1 peptide. Collectively, our 3D atomic models of cSH3 domain in complex with the G1 and G2 peptides suggest that a tight network of intermolecular hydrogen bonding, electrostatic and hydrophobic interactions underlie the strict requirement of amino acid residues within the corresponding PPRPPKP and PXVXRXLKPXR consensus motifs consistent with our thermodynamic analysis. Although water-mediated hydrogen bonding between the SH3 domain of Abl kinase and its proline-rich cognate ligands have been recently described (Palencia et al., 2004 (Palencia et al., , 2010 , water does not appear to play such a role in the binding of G1 and G2 motifs to the cSH3 domain of Grb2 (Harkiolaki et al., 2009) .
PPRPPKP and PXVXRXLKPXR motifs show rarity in the human proteome
Due to the highly strict requirement of residues within G1 and G2 motifs for high-affinity binding of the cSH3 domain, it is likely that the Grb2-Gab1 interaction displays high fidelity in cellular signaling. In an attempt to test this hypothesis, we scanned the entire human proteome containing over 500 000 entries for the presence of PPRPPKP and PXVXRXLKPXR motifs ( Figure 5 ). Our analysis reveals that both the G1 and G2 motifs are encountered in only a handful of proteins and that they are largely located in unstructured regions so as to facilitate their interactions with potential SH3 ligands. Importantly, these motifs are fully conserved in other members of Gab family of proteins, namely Gab2 and Gab3 but not Gab4, indicating that Gab4 may be functionally distinct from other Gab members. Interestingly, the PPRPPKP motif is also fully conserved in the PHD finger protein PHF2 and the matrix metalloprotein MMP16 that are unrelated to Gab family proteins. Whether binding of PHF2 and MMP16 to Grb2 is physiologically relevant remains to be determined. Notably, a number of other proteins also contain sequences similar to PPRPPKP motif but without the C-terminal proline, implying that they could also be potential cellular partners of Grb2. In contrast, PXVXRXLKPXR motif is strictly unique to Gab family proteins Gab1, Gab2, and Gab3, while Gab4 contains a related motif as does the zinc metalloprotease AMSH. However, neither Gab4 nor AMSH have been hitherto shown to be cellular partners of Grb2. Sequences related to the PXVXRXLKPXR motif but even more diverse from those encountered in Gab4 and AMSH are also encountered in several other proteins with the lymphocyte protein SLP76 being a notable example due to the fact that it has been shown to interact with the cSH3 domain of Grb2 in T cells (Jackman et al., 1995; Lewitzky et al., 2001) . The ability of SLP76 to bind to the cSH3 domain of Grb2 suggests that although the PXVXRXLKPXR motif may be required for high-affinity binding, related sequences may also be potential cellular targets of Grb2.
CONCLUSIONS
Although Grb2-Gab1 is a key signaling complex involved in the transmission of extracellular information in the form of growth factors and cytokines to downstream targets such as transcription factors within the nucleus in a diverse array of cellular processes central to health and disease (Itoh et al., 2000; Sachs et al., 2000; Daly et al., 2002; Liu and Rohrschneider, 2002; Gu and Neel, 2003; Nishida and Hirano, 2003; Brummer et al., 2006; Ke et al., 2007; Bennett et al., 2008) , the precise mechanism of its assembly remains hitherto unknown. Importantly, despite the discovery of an atypical RXXK sequence within Gab1 for the recruitment of Grb2 via its cSH3 domain over a decade ago (Lock et al., 2000; Lewitzky et al., 2001) , the molecular determinants of this interaction have largely remained elusive to date. Our study shows that although Gab1 contains four distinct RXXK motifs, herein designated as G1, G2, G3, and G4, the cSH3 domain of Grb2 only recognizes the G1 and G2 motifs. Furthermore, we have also shown that the G1 and G2 motifs, respectively, conform to PPRPPKP and PXVXRXLKPXR consensus sequences for optimal binding to the cSH3 domain and that they employ distinct mechanisms. Thus, while G1 adopts a PPII-helical conformation in complex with cSH3 domain, G2 relies on a 3 10 -helical conformation in agreement with the binding of homologous motifs in Gab2 to Grb2 (Harkiolaki et al., 2009) . Additionally, our data also suggest that while the binding of cSH3 domain to G2 site is exclusively driven by hydrogen bonding and hydrophobic forces, binding at G1 site is additionally aided by the formation of intermolecular ion pairs between specific charged residues. Given that we have relied here on short peptides to mimic RXXK motifs in Gab1, due largely to inherent difficulties associated with isolation and purification of full-length protein, caution is warranted in that these motifs may depart from their physiological behavior when treated as short peptides due to the loss of local conformational constraints that they may be subject to in the context of full-length Gab1. Nonetheless, the fact that Gab1 contains two distinct sites for the binding of Grb2 raises the possibility for the formation of a signaling complex with a 2:1 stoichiometry -that is two molecules of Grb2 may associate with one molecule of Gab1 under physiological context. Supporting such a plausible scenario further is the evidence that Grb2 exists in dimer-monomer equilibrium in solution (McDonald et al., 2008b) . Importantly, formation of (Grb2) 2 -Gab1 signaling complex in the context of a cellular environment would be highly desirable as this would result in enhanced affinity and favorable energetics due to bivalent interaction between these two partners. In other words, Grb2 and Gab1 are likely to associate with each other at cellular concentrations in the submicromolar range in lieu of over tens of micromolar suggested by measurements between isolated G1 and G2 peptides and the cSH3 domain reported here. Accordingly, (Grb2) 2 -Gab1 interaction may not only respond in a highly sensitive manner but may also be subject to fine tuning in response to specific extracellular stimuli. However, we note that the relatively weak binding of G1 and G2 motifs in the context of isolated peptides may also be due to the fact that they need to adopt into distinct conformations prior to binding to the cSH3 domain. Thus, it is conceivable that while these motifs pre-exist in appropriate conformations for binding to the cSH3 domain in the context of full-length Gab1, they become disordered in the context of isolated peptides. Such disorder is likely to encounter an energetic penalty upon the binding of G1 and G2 peptides to the cSH3 domain, rendering the apparent affinities much weaker than the intrinsic affinities.
Given that Grb2-Gab1 interaction plays a key role in coupling extracellular signals from cell surface RTKs such as HGFR, EGFR, FGFR, and PDGFR to downstream targets such as Ras and Akt (Liu and Rohrschneider, 2002; Gu and Neel, 2003; Nishida and Hirano, 2003) , our new findings reported here bear particular significance to furthering our understanding of signaling through the Grb2-Gab1 complex at a molecular level. Of particular note is the fact that the activation of Ras and Akt pathways leads to down-regulation of the cell-cycle inhibitor p27Kip1 (Janes et al., 1994; Lim et al., 2000; Yang et al., 2000) . Deregulation of p27Kip1 is believed to be one of the major factors contributing to the development of human breast cancer . Disruption of Grb2-Gab1 signaling complex may thus offer novel targets for the treatment of breast cancer. Our demonstration of the molecular details of the binding of cSH3 domain of Grb2 to two potential sites in Gab1 could spur interest in the development of novel therapeutic inhibitors toward this goal. Taken together, our data offer important insights into a key protein-protein interaction pertinent to cellular signaling and cancer.
